Several polypeptides contained in the coat and the core of adenovirus type 2 particles have been identified as virus gene products. They are synthesized in vitro by a cell-free protein-making system programmed by adenovirus type 2 messenger RNA that has been hybridized with and eluted from virus DNA. Fractionation by size yields subpopulations of viral messenger RNA that differ in their coding specificities. The procedures outlined in this study may be used to establish a genetic map of adenovirus type 2.
adenovirus type 2 messenger RNA that has been hybridized with and eluted from virus DNA. Fractionation by size yields subpopulations of viral messenger RNA that differ in their coding specificities. The procedures outlined in this study may be used to establish a genetic map of adenovirus type 2.
Amber and deletion mutants provide useful tools for the identification of viral proteins because alterations in the affected gene products can readily be recognized in sodium dodecyl sulfate (NaDodSO4)-polyacrylamide gel electropherograms. Unfortunately, selection procedures for either type of mutant in adenoviruses are presently not available. This has prompted us to use an alternate method for the analysis of adenovirus gene functions.
We examined the coding capacity of mRNA extracted from polysomes of adenovirus type 2 (ad2)-infected cells in a cell-free translation system derived from Krebs II ascites cells. In eailier reports (1, 2) , we showed that this RNA directs cell-free synthesis of ad2 coat and core polypeptides. In order to prove that these are indeed virus gene products, we found it necessary to thoroughly purify viral messenger RNA. This study will demonstrate that highly purified viral mRNA can be obtained from the infected cells, and that the RNA (like the less pure preparations used in our earlier experiments) can direct cell-free synthesis of major virion polypeptides.
METHODS
Propagation of KB CeUs in spinner culture, virus strain, mode of infection, pulse-labeling of RNA with [3HJuridine 16 -18 hr after infection, phenol-extraction of RNA, as well as the composition of a cell-free translation system from Krebs II ascites cells, have been described elsewhere (1, 2).
Purification of mRNA. A total of 100 mg of polysomal RNA at a concentration of 1 mg/ml in adsorption buffer (10 mM Tris -HCl, pH 7.5-0.5 M KCl) was applied at room temperature at a flow rate of about 60 ml/hr to a 5 X 2.5-cm oligo-(dT)-cellulose column (3). The column was washed with adsorption buffer until all nonadsorbed material was removed.
Adsorbed RNA was eluted with 10 mM Tris*HCl, pH 7.5, adjusted to 0.1 M KC1, and precipitated overnight with 2.5 volumes of ethanol at -20°. Ad2 DNA, either 14C-labeled or unlabeled, was prepared from purified virions (4) , sheared by sonication (1) to an average fragment size of 105 daltons, denatured by 10 min of boiling (followed by rapid cooling), and annealed to RNA that had been eluted from oligo(dT)-cellulose. The reaction mixture (10 ml) contained 200 jsg/ml of DNA, 50 ug/ml of RNA, 2 M urea (Schwarz/Mann, ultrapure) (5), 0.2 M LiCI, 0.24 M sodium phosphate (pH 6.0), and 0.1% (w/v) NaDodSO4. After 20 hr of incubation at 370, the assay was adjusted to 8 M urea. Twelve milliliters of reaction mixture were applied to a 5 X 2.5-cm column of hydroxyapatite (Biogel HTP, DNA-grade, BioRad), equilibrated with 0.24 M sodium phosphate (pH 6.8)-8 M urea-0.1% (w/v) NaDodSO4 (6), at room temperature at a constant flow rate of 24 ml/hr. Nonhybridized RNA was eluted in two bed volumes of equilibration buffer minus NaDodSO4. The column was washed with one bed volume of 0.14 M sodium phosphate, pH 6.8, to remove urea. DNA DNA and RNA* DNA hybrids were eluted with three bed volumes of 0.4 sodium phosphate, pH 6.8, and dialyzed against 50 volumes of 0.15 M NaCl-10 mM Tris -HCI, pH 7.2-0.1 mM EDTA, first at room temperature for 1 hr to prevent precipitation of phosphate salt in the dialysis tubing, then at 40 for another 12 hr. The material was precipitated with ethanol, resuspended in 10 mM Tris * HCl, pH 7.2, at a concentration of 10 mg of nucleic acid per ml, and boiled 1 min to denature hybrid structures. Ribosomal RNA was not degraded under similar conditions. After it was rapidly cooled, the material was sedimented through a linear gradient of 15-30% (w/v) sucrose (Schwarz/Mann, ultrapure) in 10 mM Tris HCl, pH 7.5-0.1 M NaCl-0.1 mM EDTA, at 55,000 rpm in cellulose nitrate tubes in the Spinco SW56 rotor for 3 hr at 4°. Up to 500 ug of nucleic acid were applied to one centrifuge tube. Fractions containing DNA-free RNA were pooled, and concentrated by ethanol precipitation.
RESULTS
Purification of ad2 mRNA. Pulse-labeled RNA was extracted from polysomes of KB cells that were actively engaged in virion protein synthesis (1) . Poly(A)-containing mRNA was selected by adsorption of crude extracts to oligo(dT)-cellulose (3) . Nearly all of the radioactivity of the preparation annealed with ad2 DNA under conditions of exhaustive hybridization (Table 1 ). The experiment indicated that most of the newly synthesized polysomal mRNA was of viral origin, but did not, examine the nature of unlabeled RNA. Since biologically active host cell mRNA was likely to be contained in the preparation as well (1, 7), viral mRNA was Abbreviations: ad2, adenovirus type 2; NaDodSO4, sodium dodecyl sulfate; cDNA, DNA synthesized in vitro on mRNA templates. chromatography, and hybridized with unlabeled, single-stranded DNA fragments in a 4-ml reaction mixture. At the indicated times, 1-ml aliquots were withdrawn from the hybridization assay, and hybrid formation was determined by hydroxyapatite chromatography in the presence of urea (see Materials and Methods for details). RNA -DNA hybrids were precipitated with trichloroacetic acid on Millipore filters. Radioactivity was determined in a toluene-based scintillation fluid.
further purified by preparative hybridization with sheared, denatured ad2 DNA. Annealing occurred at reduced temperature, and the time of incubation was limited to protect the integrity of viral mRNA. Up to 60% of radioactive RNA participated in hybrid formation under these conditions ( (10,000 3H cpm) was monitored in a reference assay (0). Nucleic acids were incubated at 60°in 0.14 M sodium phosphate, pH 6.8-0.1% (w/v) NaDodSO4 in volumes of 1 ml. At various times of incubation, 0.1-ml aliquots were removed and chromatographed on hydroxyapatite columns (11) to obtain Cot values. A background of 5% of the radioactivity of denatured DNA eluted like double-stranded DNA from hydroxyapatite. No self-annealing of cDNA occurred under the conditions of this experiment.
Methods). RNA-DNA hybrids were denatured, and ad2 mRNA was separated from the DNA fragments by sucrose gradient centrifugation (Fig. 2b) . The precautions applied during preparative hybridization were not entirely successful. Whereas the starting material displayed the expected size profile (8, 9) , with two peaks between 28S and 18S ribosomal RNA (Fig. 2a) (Fig. 3) . Moreover, whereas part of the cDNA, complementary to RNA purified on oligo(dT)-cellulose, from infected cells could be annealed with RNA from mock-infected cells, transcripts of highly purified ad2 mRNA would only anneal with RNA from infected cells (Fig. 4) . These experiments clearly demonstrated that polysomal RNA from infected cells, purified by oligo(dT)-cellulose chromatography, contained host cell RNA sequences that could be removed by preparative hybridization of the RNA with virion DNA.
Cell-Free Translation of ad2 mRNA. Both the ad2 mRNA adsorbed on oligo(dT)-cellulose and the material further purified by preparative hybridization proved to be highly active messengers in a cell-free translation system derived from murine Krebs II ascites cells. With either RNA as template, polypeptides were produced in vitro that migrated with virion polypeptides during NaDodSO4-polyacrylamide gel electrophoresis (Fig. 5) . Proof of the identity between polypeptides synthesized in vivo and in vitro is given elsewhere (1, 2) .
We decided to examine the coding capacity of each of the two size classes of ad2 mRNA (see Fig. 2a methylsulfoxide to verify both the size separation and the integrity of the RNA (Fig. 6) . No (Fig. 7) . No complementarity could be detected between individual sequences of bulk RNA, i.e., all RNA was RNase A-sensitive after self-hybridization. We concluded that common RNA sequences were present in the separated size classes of RNA. Nevertheless, translation of RNA of either size in vitro revealed distinct patterns of polypeptides (Fig. 8) . The larger RNA coded for hexon and penton base, the smaller RNA for polypeptide IIIa and V. Fiber and pre-VII, the precursor to VII (12) Fig. 5 for definition) , and by INF RNA that had been fractionated into classes A and B (see Fig. 6 ). Products of an endogenous synthesis without added mRNA are termed NONE. Virion marker proteins were prepared as indicated in Fig. 6 The superb technical assistance of Mrs. Sing-Ping Laiw is gratefully acknowledged. We thank Phil Leder for DNA-dependent RNA polymerase, Hajo Delius for bacteriophage T7 DNA, and Jake Maizel and Phil Leder for the critical reading of the manuscript.
